Introduction
Tungsten coil (W-coil) devices have been used in analytical atomic spectrometry for nearly 40 years. In early 1970s, W-coil atomizers were employed in electrothermal atomic absorption spectrometry, and atomic fluorescence spectrometry. [1] [2] [3] Since then, the W-coil has been used as an electrothermal vaporizer for sample introduction into inductively coupled plasmas (ICP), microwave induced plasmas (MIP) and mass spectrometers (MS). [4] [5] [6] Recently, W-coil devices have gained popularity due to their potential for portable devices in field applications. Though flames, arcs, plasmas and graphite furnaces have been widely used to determine metals in water and soil samples, these techniques are seldom portable due to their large size and high demands for power and gas. The small size, minimal power requirements, and low cost make W-coil devices attractive for field applications. [7] [8] [9] A portable tungsten coil atomic absorption spectrometry (WCAAS) device was developed in the early 1990s. The device measured 19 × 8 × 3 inches and was powered by a car battery. Two test elements, Pb and Cd, produced limits of detection at the pg level using a 20-µL sample aliquot. 10, 11 Compared to the WCAAS, W-coil atomic emission spectrometry (WCAES) is even more portable because no hollow cathode lamp is needed, and multielement determinations are possible, and optical alignment is simplified. Molybdenum and tungsten tubes have been used as metal atomizers for atomic emission spectrometry, but few papers describe W-coil atomic emission spectrometers. [12] [13] [14] [15] WCAES was initially observed during W-coil self absorption experiments. 16 Thirteen elements were detected by WCAES using a high resolution spectrometer. Limits of detection for most of the lanthanides were better than those reported for flame emission spectrometry. [17] [18] [19] [20] In the current work, a small, portable CCD detector is used to improve the portability of the WCAES instrument. Fifteen elements are used to evaluate the system, and optimize method parameters such as sample volume, atomization power, and heating rate. Mg, Ni, Co, Cu, Ag, Cr, Ga, Mn, and V signals are observed in the UV region at high atomization power. An aqueous NIST standard, a water pollution standard, and a NIST soil standard are used to test the accuracy and reliability of the system for field applications.
Experimental

WCAES instrumentation
The WCAES system has been previously described in the literature (Fig. 1) . 18 The W-coil filament was extracted from a 15 V, 150 W commercially available slide projector light bulb (Osram Xenophot 64633 HXL Pullach, Germany) and secured in a laboratory designed aluminum mount. The filament is coiled in ten turns and when viewing from the side, the turns are 3 mm high and together they occupy a width of 6 mm. The Al mount contained a gas inlet for the flow of purge gas, electrical connections to the solid-state power supply, and a ceramic bulb socket to hold the filament. The mounted coil was housed in a glass vaporization cell (Ace Glass, product No. D131703, Vineland, NJ) which had two fused-silica windows and one sample injection port. A continuous flow of 10% H2/Ar gas was flushed through the cell at a rate of 1.1 L/min to avoid oxidation of the coil. The purge gas also served as a cooling gas, and it escaped through the sample introduction port.
The W-coil filament was controlled by a solid state, constant current power supply (Victor, VI-LU1-EU-BM, Andover, MA). A simple digital-to-analog board coupled with a home-written Visual Basic program allowed for current control in the range 0 -13 amps. The maximum output voltage of the power supply Tungsten coil atomic emission spectrometry (WCAES) has been evaluated as a potentially portable technique for field applications. The tungsten coil (W-coil) was extracted from a commercially available slide projector bulb and used as both the atomizer and the excitation source. The coil was powered by a small solid-state power supply. A hand-held CCD spectrometer, powered from a laptop computer, collected the signal. Fifteen elements were used to evaluate the portable system. For elements in the UV region, LODs were increased by a factor of 2000 for Cu; 200 for Ag; and 25 for Co through a 400-W solid state power supply compared to a 200-W solid state power supply. Signals for Al, Cr, Ga, Mn, Li and V in the near UV region also increased around a factor of 25. Therefore, the WCAES device could be used for elements in both the visible and UV regions, and the system could be taken into the field to measure elements in various samples. was 15 V, 200 W. The W-coil was heated using a previously reported atomization cycle which optimized the drying time and increased emission signal. 18 The radiation emitted by the coil during the high-temperature atomization step was collected by a 50-mm diameter focal length fused silica lens. A 1:1 image of the coil was formed by the lens on a light blocking aperture (4 mm diameter). The aperture was used to block the black body emission from the coil, while allowing the atomic emission signal above the coil surface to pass through. After passing the aperture, the radiation was refocused by a 50-mm diameter focal length fused silica lens, onto the entrance aperture of the spectrometer.
To enhance portability, a miniature CCD spectrometer (USB4000, Ocean Optics, Dunedin, FL) was used to collect the atomic emission signal. The size of USB4000 was only 89.1 × 63.3 × 34.4 mm and the mass was 190 g. The detector was connected to a computer via a USB cable, and the detector power originated from the PC. The spectrometer had an entrance slit width of 25 µm. The spectrometer observed a spectral window 200 nm in width, adjustable across the range 200 -1100 nm using a set screw. The CCD detector was a Toshiba TCD1304AP 3648-element linear array. The individual pixel size was 8 µm wide by 200 µm high. The USB4000 had a typical signal-to-noise ratio of 300:1 and a theoretical spectral bandpass of 0.05 nm per pixel. In practice, emission peaks had half widths (FWHM) of roughly 3 -4 pixels, so the practical spectral bandpass was 0.2 nm.
WCAES for elements in UV region
In an effort to increase the signal intensity for the W-coil in the UV region, the typical 15 V, 150 W bulb filament was replaced with a 24-V, 250-W version (Osram Xenophot 64655 HXL Pullach, Germany). This bulb is composed of electrical leads in a glass base connected to tungsten wire having sixteen-3.0 mm tall loops each with a 1.0-mm diameter. This creates a filament that is 7.0 mm in length and 3.0 mm tall. The new W-coil was larger, and thus was able to hold triple the volume of sample relative to the smaller filament. The light-blocking aperture was removed with this design in order to simplify the instrumentation and to increase portability. The background signal increased without the aperture, but this was counter-acted by using a shorter detector integration time (50 ms per spectrum, 40 spectra total). The 24-V W-coil was heated with a 24-V, 400-W power supply (Victor, VI-MU3-CQ-BM, Andover, MA).
Procedure
For the 150-W W-coil system, a 25-µL aliquot of solution was deposited directly onto the W-coil with an Eppendorf pipette. The solution was dried with a simple heating program ( Table 1) . As the liquid dried, the resistance of the W-coil increased, so progressively smaller currents were used to gradually dry the sample. Once the coil was dry, a 10-s cooling interval (0 current) was employed to allow the W-coil return to room temperature. This ensured that the high temperature heating step was most reproducible. The high temperature step was achieved 7.7 A applied for 5 s. During this step, the Visual Basic program triggered the detector to begin data collection. Data were collected for the duration of the 5 s atomization step. A 15-s cooling step was employed at the end, to ensure that the W-coil was ready for the next injection of sample. For the 250-W W-coil system, 50 µL sample aliquots were used for all experiments. The 250-W W-coil heating cycle differed slightly ( Table 1) .
The limits of detection (LOD) were determined by the IUPAC method: 3σ/m, where σ is the standard deviation in the blank signal and m the slope of the analytical calibration curve. The precision of the method was calculated as the relative standard deviation (RSD, n = 11) for each element ( Table 2 ). The precision was measured at the following analyte concentrations: Reference solutions and sample preparation All reference solutions were prepared from the dilution of single element stock solutions (1000 mg L -1 , SPEX CerPrep, Metuchen, NJ) with distilled-deionized water (Milli-Q, Millipore Corp., Bedford, MA). A soil standard reference material from the National Institute of Standards and Technology (Montana soil, SRM #2711, NIST, Gaithersburg, MD) was digested as follows. Approximately 1 g of soil (accurately weighed) was ) HNO3 (Fisher Scientific, Pittsburgh, PA) was added, the lid was closed, and the container was placed in an aluminum hot block at 100 C for 2 h. A 2-mL aliquot of distilled-deionized water was added as needed during the heating process to prevent evaporation. The acid extract was filtered using coarse filter paper. The total filtrate was diluted to 50 mL with distilled-deionized water in a volumetric flask. Two aqueous standard reference materials were also analyzed: Water Pollution Standard 1 (Product Number WPS1-100, VHG Labs Inc., Manchester, NH) and Trace Elements in Water (SRM #1634e, NIST, Gaithersburg, MD).
Results and Discussion
Portable WCAES
Fifteen elements were used to characterize the portable WCAES instrument. The system was extremely sensitive for elements that had emission lines in the visible to near-IR regions (Figs. 2 and 3) . The observed LODs ranged from 0.5 µg L -1 (Na 588.9 nm) to 9 µg L -1 (Yb 398.8 nm) ( Table 2) . Elements with emission lines below 400 nm (Mg, Cu, Ag, Co, Ni) were difficult to be detect using the portable detector. This indicated that the Ocean Optics USB4000 spectrometer was less sensitive compared with the benchtop spectrometer and chilled CCD detector described previously. [16] [17] [18] However, advantages associated with the portable spectrometer included its relatively large spectral window (200 nm compared to 50 nm reported previously), its low power requirement (provided by the laptop computer), and its operation at ambient temperature (requiring no circulating water). In addition, the Yb 555.6 nm line was observed with this system. Compared with the ICP-AES, WCAES had no argon interference in the near-IR region for elements like Rb and Cs. LODs were 3 µg L -1 for Rb and 6 µg L -1 for Cs.
Optimization of instrumental parameters
The following empirical equation describes the relationship of WCAES signal (S) and instrumental variables.
The total emission signal intensity (S) is integrated throughout the atomization step. A proportionality constant (K) includes fixed parameters such as the sensitivity of the detector, the solid angle light collected by the spectrometer, the transmittance of all of the optics, and other small instrumental factors that remain predominantly unchanged. The power applied to the coil, P in watt, is given by the constant current applied during the This potential is measured with a voltmeter and is dependent upon the resistance of the filament. For example, an older filament will be thinner than a new one, thus the resistance is higher for the old filament and the signal at constant current is higher. The emission signal is directly proportional to the sample volume (V) injected onto the coil. Finally, the mass, mW, of the W filament is inversely proportional to the signal (mW slowly decreases with use). While the signal intensity increases linearly with sample volume, the maximum volume is limited in practice by W-coil size and shape. The 150-W W-coil can hold a maximum volume of 25 µL. The sample droplet is held on the coil by surface tension, so higher volumes run the risk of falling off due to gravity. The 250-W W-coil is larger, and hence may hold a larger sample volume (up to 75 µL). Based on the observation from experiment results, emission signal doubled when the sample volume doubled from 25 to 50 µL.
As mentioned above, signal intensity is directly proportional to applied power. For example, by applying specified constant atomization currents, and measuring the voltage applied during that step. In experiment, we observed that the Cr (357.9 nm, 1 mg L -1 ) signal is proportional to the applied power. When the power applied to the coil increased, two separate factors produced a signal increase. First of all, the temperature of the surface of the coil increases. 21 Secondly the heating rate of the coil increases. At higher power, the atomization current is reached more quickly. As the sample is vaporized, it quickly leaves the surface of the coil. When the heating rate is low, the atoms may leave the vicinity of the coil prior to its reaching the maximum temperature. At higher heating rates (higher power), more energy can be transferred to the analyte atoms before they leave the high temperature region. This results in an increased signal. In addition, the high power signal appears in a shorter time period (0.4 -0.6 s at 400 W compared to 2.5 -3 s at 200 W). Blackbody emission from the coil acts as a major interference in detection, so the quicker time frame improves the signal to noise ratio.
The physical properties of the W-coil also affect the emission signal. These properties include the coil mass (mW), the W wire diameter, and size and number of loops in the coil. A coil with smaller mass is heated at a faster rate, so signal increases with decreasing mass. If the mass of the coil is intentionally lowered, by conditioning the filament at high temperature in air, higher signals are observed. 18 The mass of a W-coil measured before and after this conditioning showed a 20% reduction in mass and a 50% increase in signal. As a consequence of this reduction in mass, the W filament must have a smaller diameter. Therefore, the resistance increases, and the power increases at constant current. However, to further prove this relationship between coil mass (mW) and signal as proposed in the empirical equation, an experiment that measuring the emission signals while coil mass is gradually reduced should be conducted. Of course, at very high power, temperatures in excess of the melting point of W are approached, and the filament breaks (producing very strong atomic emission lines for W).
Improved sensitivity for WCAES in the UV region
Based on Eq.
(1), a high power WCAES device was tested with the 24-V, 250-W W-coil and a 400-W power supply. The new coils were conditioned by heating for 5 s at 5 A in air. As mentioned above, this reduced the coil mass, and resulted in faster heating during the atomization step. Sample aliquots of 50 µL were analyzed in all cases. With the traditional 150 W W-coil, the optimal sample size was 25 µL, the best atomization current was 7.7 A, and the signal integration time was 5 s ( Table 1 ). The atomic emission signal actually appeared during the first 2 -3 s of this period, depending upon the analyte. With the 250-W W-coil, the optimal sample size was 50 µL, the best atomization current was 12.5 A, and the signal integration time was 2 s. In this case, emission signals appeared during the 1.0 -1.5 s. The coil was heated more rapidly and emission signals increased dramatically.
All elements gave a much stronger emission signal in the new system. Even elements such as Pt, Zn and Cd, which were not detectable at 200 W, gave rise to emission signals with 100 ppm solutions. Five elements with different characteristics, Mg, Ni, Ag, Cu and Yb, were used to compare the two systems. Emission lines from Mg, Ni, Ag, Cu, and Yb were observed in the same spectral window as Six additional elements were detected with 250 W W-coil system at wavelengths below 430 nm: Al, Cr, Ga, Mn, Li and V (Fig. 5) . For Li and V these were secondary emission wavelengths.
Limits of detection were 70 ng mL -1 Al, 20 ng mL -1 Cr, 500 ng mL -1 Ga, 20 ng mL -1 Mn, 600 ng mL -1 V and 11 µg mL -1 Li. Clearly the portable WCAES device can detect at least 11 elements below 430 nm using the 250-W W-coil.
Accuracy
The accuracy of the system was tested with two reference materials. For the NIST standard reference material 1643e, matrix effects were minimized by employing the standard addition method. Ca (422.6 nm), Sr (460.7 nm), Ba (553.5 nm), and Na (588.9 nm) were determined in a single spectral window, while K (766.4 nm) and Rb (780.8 nm) were determined in another. Each analyte was determined with an accuracy in the 92 -102% range except for Rb. The found value for Rb was 183% of the expected value of 14.14 mg/L. This error was due to the low level of Rb present in the diluted sample, which approached the LOD. A second reference material (a water pollution standard, Product Number WPS1-100, VHG Labs) was employed to test the accuracy of the 250-W W-coil system. Co, Ni and Cu were determined in this sample. Recovery was 95% for Co, 108% for Ni, and 77% for Cu. Each of these elements was present at levels near the detection limit after dilution for the standard addition method.
Finally, a soil sample was analyzed (Montana Soil, NIST SRM #2711, Table 3 ). Among the five elements detected by WCAES, the values for Ca, Sr, and Ba were certified in the soil sample, while the values for Cs and Rb were not. A mild sample preparation method was used to extract the elements from the soil (no HF was employed). As demonstrated in Figs. 2 and 3 , Ca, Sr, Ba were determined in one spectral window, while Cs and Rb were determined in another. The recovery results for the five elements were similar to those reported for EPA sample preparation method (EPA method 3050B, Acid Digestion of Sediments, Sludges, and Soils).
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Conclusions
The traditionally used 150 W WCAES instrument is excellent for elements in the visible to near-IR region. Emission signals for elements in the UV region were increased largely by the new portable 250 W WCAES instrument. At least 11 elements in the UV and near UV regions can be simultaneously determined in one simple spectrum. LODs for 20 elements were all below the 1 mg L -1 level. The multi-element capabilities of WCAES make it an attractive alternative for field applications. On-site analyses of polluted water and soil samples could be performed. 
